IFN-␥ induction of the CIITA (class II transactivator) promoter (pIV) requires Brahma-related gene 1 (BRG1), a chromatin-remodeling enzyme. However, the events that lead to pIV activation are only partially understood, and the point at which BRG1 acts is unknown. The first IFN-␥-induced event triggers nuclear translocation of STAT1 (signal transducer and activator of transcription 1), which binds IFN-␥-responsive promoters. BRG1 is recruited after activator binding at several other inducible loci, and STAT family members are known to bind BRG1, suggesting that BRG1 might act downstream of STAT1. Here, we delineate a comprehensive view of factor assembly and detailed histone modifications at pIV and show that all events, even STAT1 binding, require BRG1 at CIITA pIV and other IFN-␥ target promoters. Recruitment of IFN-stimulated gene factor-3 (ISGF3) [STAT1͞STAT2͞IFN regulatory factor 9 (IRF9)] to several IFN-␣-responsive promoters is also BRG1-dependent. In contrast, constitutive BRG1 association at IFN targets is STAT1-independent. Furthermore, BRG1 is required for IFN-induced restriction enzyme and DNase I accessibility at promoters. Thus, BRG1 has an apical role in cytokine-induced promoter assembly, acting upstream of STAT complexes at multiple IFN target loci.
T
wo classes of enzymes remodel chromatin: ATP-dependent complexes and enzymes that covalently modify histones (1, 2) . SWI͞SNF is the first identified complex of the former class and is powered by one of two related ATPases, Brahma-related gene 1 (BRG1) and human Brahma (hBRM) (3) . Each contributes to separate complexes with overlapping subunit composition and both distinct and common gene targets (4, 5) . Covalent histone modification is catalyzed by enzymes such as histone acetyl transferases (HATs) and histone methyl transferases (HMTs). Lysine acetylation is typically associated with gene activation whereas methylation is linked to both gene induction and repression depending on the residue affected and the number of methylated amino groups (6, 7) .
SWI͞SNF has a key role in tumor suppression because BRG1 heterozygous mice develop cancer and some human tumors lack BRG1 and hBRM (8, 9) . The role of BRG1 in neoplasia has been linked to regulation of cell cycle and differentiation (9) . We exposed a third possibility by showing that SWI͞SNF is required for induction of some IFN-␥-responsive genes (10) . Subsequently, BRG1 was shown to be critical for induction of some IFN-␣ targets (11, 12) . Thus, SWI͞SNF has a major role in the immune response (reviewed in ref. 3) . Mice lacking the IFN-␥ receptor or STAT1 (signal transducer and activator of transcription 1), a critical mediator of IFN-␥ signaling, develop tumors, indicating that this pathway is critical in immune surveillance (13) . Inactivating SWI͞ SNF may be another way tumor cells evade this defense against cancer.
A multistep cascade of events precedes transcription by RNA polymerase II (Pol II). Chromatin immunoprecipitation (ChIP) is used to study the order of recruitment of proteins to regulatory elements in vivo (14) . In yeast, ChIP showed that SWI͞SNF is recruited after Swi5 activator binds the inducible homothallism (HO) endonuclease promoter, and genetics coupled with ChIP established that Swi5 binds independent of SWI͞SNF (15) (16) (17) (18) . Such studies are hindered in mammals by the lack of appropriate mutations. However, in vitro chromatin reconstitution studies reveal that SWI͞SNF is required downstream of enhanceosome formation at the virus-responsive IFN-␤ promoter (19) . Temporal analyses of factor assembly at other loci also suggest that SWI͞SNF action is a secondary event (20) (21) (22) .
IFN signaling triggers phosphorylation and nuclear translocation of STAT proteins. IFN-␥ induces STAT1 homodimerization whereas IFN-␣ induces formation of a STAT1͞STAT2 heterodimer, which interacts with IFN regulatory factor 9 (IRF9) (p48) to generate the IFN-stimulated gene factor-3 (ISGF3) trimer (23, 24) . STAT1 or ISGF3 complexes target the IFN-␥-activated sequence (GAS) or the IFN-␣ stimulated regulatory element (ISRE), respectively, and activate many target genes (25) .
A subset of IFN-inducible genes is BRG1-dependent. BRG1 is required for the IFN-␥ induction of guanylate-binding protein 1 (GBP1) and class II transactivator (CIITA), the master regulator of MHC class II gene induction, whereas IRF1 induction is BRG1-independent (10). Similarly, IFN-␣ induction of 9-27, IFN-inducible protein 27 (IFI27), and GBP1 requires BRG1, whereas induction of 6-16 and ISGF3G is BRG1-independent (11, 12) . Consistent with the notion that BRG1 acts downstream of STAT recruitment, it is inducibly targeted to the IFN-␥-responsive CIITA promoter and, reminiscent of the Swi5-SWI͞SNF interaction in yeast, IFN-␣-activated STAT2 binds BRG1 (10, 11) . Notably, BRG1 is constitutively present at a subset of IFN-␣ promoters (11, 12) , but whether it influences STAT recruitment at all these targets or is required after STAT binding is unclear. Moreover, it is unclear whether STAT1 complexes play a role in the constitutive recruitment of BRG1. This issue is key given that STATs can reach the nucleus even in the absence of IFN signaling (26, 27) .
In most cell types, IFN-␥ induction of CIITA is mediated by promoter IV (pIV), one of four alternative promoters (28) . pIII is somewhat IFN-␥-responsive, although its major role is to drive constitutive expression in antigen-presenting cells (28, 29) . IFN-␥ induces binding of the activators STAT1, upstream stimulatory factor 1 (USF1), and IRF1, as well as histone acetylation at pIV in vivo (30) . Here, we expand insight into this cascade and show that IFN-␥ stimulates biphasic formation of a STAT1-USF1͞c-MYCThis paper was submitted directly (Track II) to the PNAS office.
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IRF1 complex, accompanied by histone methylation, HATrecruitment, acetylation of specific histone residues, and recruitment of Pol II. Critically, unlike homothallism endonuclease, where the apical activator Swi5 binds independent of SWI͞SNF, STAT1 binding to CIITA pIV and several other IFN-␥ target promoters requires BRG1. IFN-␥ induced chromatin remodeling is also BRG1-dependent. This predominance is duplicated at multiple SWI͞SNF-dependent IFN-␣-inducible loci where ISGF3 recruitment also requires BRG1. In contrast, constitutive recruitment of BRG1 to IFN target genes does not require STAT1. Cytokineresponsive genes are the first identified targets where SWI͞SNF is required for the primary step in promoter assembly.
Methods
Cell Culture. HeLa-ini1-11 (HeLa11), SW13, 2fTGH, and U3A cells were grown as described (10, 31, 32) . Cells were treated with 300 units͞ml of human IFN-␥ (PHC4834, BioSource International, Camarillo, CA) or 1,000 units͞ml IFN-␣ (PHC4841, BioSource International).
Adenoviruses. Adenoviral vectors were based on pAdlox (33) . Construction details and complete sequences are available on request. Vectors were used to generate adenovirus as described (33) . Each virus was plaque purified to remove contaminating normal adenovirus. Virus was amplified in the 293-derived Cre8 cell line (33) .
RNA Extraction and Real-Time Quantitative PCR (qPCR)
. RNA extraction and reverse transcription were as described (10) . qPCR used primers in the last exon of each gene (Table 1 , which is published as supporting information on the PNAS web site). qPCR was performed by using an Applied Biosystems PRISM 7900HT in duplicate with SYBR Green PCR master mix (Applied Biosystems) according to the manufacturer's instructions. PCR consisted of 40 cycles of 95°C for 15 s and 55°C for 30 s. A final cycle (95°C, 15 s, 60°C) generated a dissociation curve to confirm a single product. The cycle quantity required to reach a threshold in the linear range (Qt) was determined and compared with a standard curve for each primer set generated by five 3-fold dilutions of genomic DNA samples of known concentration. Values were normalized to ␤-actin.
ChIP. ChIP DNA was prepared as described (34) and subjected to qPCR as above by using primers in Table 1 . Copy number was calculated from Qt values as above. The amount of DNA precipitated by a control GAL4 antibody was subtracted, and the percent ChIP DNA relative to input was calculated (for an antibody list, see Table 2 , which is published as supporting information on the PNAS web site). Statistically significant differences were assessed by using analysis of variance (ANOVA) with an ad hoc Tukey's test. ChIP efficiency can vary among antibodies. However, analysis of maximally induced IFN-responsive genes (6 h post-IFN) revealed that histone ChIPs are most efficient (Ϸ2-10% of input chromatin), followed by DNA-bound factors (Pol II, STAT1, STAT2, IRF1, IRF9, c-Myc, USF1: Ϸ0.5-2% of input), followed by cofactors recruited by protein-protein interactions [BRG1, CREB-binding protein (CBP), p300: 0.1-0.5% of input]. These data imply that, rather than differences in antibody affinity, the primary determinant of ChIP efficiency, at least for factors studied here, may be the potential for cross-linking to DNA.
Restriction Enzyme and DNase I Accessibility Assays. Restriction enzyme and DNase I accessibility experiments were performed as described (10) . Extracted DNA was subjected to qPCR as above by using primers in Table 1 .
Western Blotting. Western blotting was performed as described (35) .
Results

Biphasic Formation of a Putative Enhanceosome at CIITA pIV.
To understand the timing of BRG1 action, we initially focused on CIITA pIV and first deduced when activators and Pol II bind after IFN-␥-induction. pIV contains sites for STAT1 and USF-1 homodimers, and IRF1͞2 homo͞heterodimers (28) . USF1 and c-MYC share related DNA-binding motifs; thus, we also tested whether c-MYC might bind pIV. We also checked for STAT2 recruitment because the STAT1͞STAT2 heterodimer, typically induced by IFN-␣, may also be activated by IFN-␥ (36).
ChIP assays revealed that STAT1 and USF1 bound pIV within 10 min of IFN-␥ treatment (Fig. 1A) . By 30 min, at the initial peak of STAT1͞USF1 binding, a small increase in Pol II was observed at pIV, and, by 45 min, mRNA was evident (Fig. 1C) . IRF1 binding was detected 1 h post-IFN-␥ ( Fig. 1 A) coincident with its expression (Fig. 1D ), and induced a stable STAT1͞USF1͞IRF1 complex, further recruitment of Pol II, and an exponential increase in mRNA ( Fig. 1 A and C) . In vitro gel shifts argued against a role for c-MYC in CIITA regulation (37) , but in vivo detectable levels were ob- served at the promoter before IFN-␥ treatment, and both USF1 and c-MYC binding increased after formation of the putative enhanceosome (Fig. 1 A) . None of the activators or Pol II was detected at the irrelevant paired-like homeodomain transcription factor 2 (PITX2) promoter (Fig. 1B) , and neither STAT2 nor IRF2 was recruited to pIV or the irrelevant control locus ( Fig. 1 A and B) . All proteins were expressed at every time point, with the expected exception of IRF1, which is induced by STAT1 (Fig. 1D) . STAT1 was rapidly phosphorylated within 5 min of IFN-␥ stimulation (Fig.  1D) .
Thus, IFN-␥-induced activator recruitment to pIV is biphasic: STAT1 and USF-1 associate first, but maximal Pol II binding and significant mRNA expression correlate with assembly of the complete STAT1-USF1͞c-MYC-IRF1 complex.
CIITA Promoter Assembly and Dissolution Correlates with Pol II
Activity. Peak complex formation on pIV at 6 h was followed by disassembly at 24 h (Fig. 1 A) . mRNA continued to accumulate (Fig.  1C) , but steady state reflects the combination of new and prior transcripts rather than active transcription. To determine whether promoter assembly and disassembly correlated with Pol II activity, we measured elongating Pol II present along the CIITA locus with an antibody that recognizes phosphorylated serine 2 (S2) of the C-terminal domain of the large subunit (38) . Active Pol II was detected at pIV, intron 1, and exon 20 1 h after IFN-␥ treatment, peaked at 6 h, and diminished by 24 h (Fig. 1F) . Delayed low level Pol II activity at pIII (Fig. 1F) is consistent with other delayed events at that upstream location (see Fig. 2 ). Pol II was not detected at the control PITX2 locus (Fig. 1F) . Thus, Pol II activity at the CIITA locus correlated precisely with promoter assembly and disassembly.
The CIITA Histone Code. IFN-␥ induces histone H3͞H4 acetylation at pIV (30) , but the HATs involved, the residues affected, the role of methylation and the extent of histone modifications across the CIITA locus are unknown. STAT1, c-MYC, and IRF1 bind CBP͞ p300 HATs (39-41); thus, we hypothesized that these cofactors may acetylate histones at pIV. Antibodies that bind multiple acetylated sites on H3 (K9 and͞or K14)or H4 (K5, K8, K12, and͞or K16) and antibodies for CBP and p300 were used in ChIP assays with chromatin from cells treated with IFN-␥ for 0 min, 15 min, 1 h, 6 h, and 24 h (Fig. 2) . Before IFN-␥ treatment, acetylation was already higher at pIV than elsewhere in the CIITA locus or at the silent PITX2 control (P Ͻ 0.05, Fig. 2A ). IFN-␥-induced H3͞H4 acetylation centered on pIV nucleosomes (Fig. 2 A) . Acetylation rose at 1 h and peaked 6 h after IFN-␥ treatment, mirroring promoter assembly (compare Fig. 1 A) .
Next, ChIPs were performed with antibodies against individual acetylated residues. After IFN-␥ treatment, acetylated H3-K9 and K18 and H4-K8, but not H3-K14, K23 or K27, or H4-K5, K12 or K16 were detected at pIV (Fig. 2B) . These modifications may be mediated by CBP͞p300 because recruitment of these HATs, but not Gcn5 (general control of amino acid synthesis 5) or p300͞CBP-associated factor (PCAF), was detected after IFN-␥ treatment (Fig.  2C and data not shown) .
H3-K4 tri-methylation is linked to activation whereas H3-K9 tri-methylation is linked to silencing (42) (43) (44) . ChIP did not detect H3-trimeK9 at pIV, suggesting that it does not silence CIITA in the absence of IFN-␥ (data not shown). In contrast, H3-dimeK4, like acetylation, was detected at the silent promoter (P Ͻ 0.05) and increased 6 h after IFN-␥ treatment (Fig. 2D) . Induced dimethylation was also detected 2.1 kb upstream of pIV at pIII, but the response lagged several hours behind pIV (Fig. 2D ). Low and delayed H3-dimeK4 were also induced in intron 1 by 24 h, but only background levels were seen at exon 20 (Fig. 2D) . Unlike H3-dimeK4, H3-trimeK4 was very low at the silent promoter but was induced after IFN-␥ treatment (Fig. 2D) . This modification was more localized because only low levels were observed upstream and no trimethylation was detected downstream of pIV (Fig. 2D) . Thus, CIITA induction is linked to multiple specific histone modifications centered on pIV that are synchronized with promoter assembly.
Constitutive Recruitment of BRG1 at pIV. To determine when BRG1 binds the CIITA promoter, time course ChIP assays were performed with HeLa 11 chromatin. Importantly, BRG1 was present at pIV in uninduced cells at levels above neighboring upstream and downstream locations (P Ͻ 0.05, Fig. 3A) . IFN-␥ increased the amount of BRG1 above constitutive levels, rising at 1 h, peaking at 6 h, and falling by 24 h (Fig. 3A) . Thus, BRG1 shows both constitutive and induced binding to pIV. In contrast, negligible levels of STAT1 were found at pIV before IFN-␥ treatment (Fig. 1 A) .
Predominant Role for BRG1 in Factor Assembly at CIITA pIV. Having established a thorough view of constitutive and induced events at pIV, we asked which steps require BRG1. Because STAT1 mediates IFN-␥ signaling, because BRG1 binds STATs, and because BRG1 typically acts downstream of activators, we expected STAT1 binding to be BRG1-independent. BRG1-deficient SW13 cells were transduced with an adenovirus vector that we developed (Ad-FG-BRG1) expressing BRG1 fused to an N-terminal Flag-GFP tag, or a control virus (Ad-FG), expressing Flag-tagged GFP. More than 90% of the cells were transduced after 24 h (data not shown), and Western blotting confirmed expression of Flag-tagged GFP and Fig. 2 . The CIITA histone code. HeLa 11 cells were exposed to IFN-␥ for the indicated times. ChIP assays were performed with antibodies against tetraacetylated histone H3 and diacetylated histone H4 (A), individual acetylated histone H3 and H4 residues (B), p300 or CBP (C), and di-or trimethylated lysine 4 of histone H3 (D). DNA was analyzed by qPCR by using the indicated CIITA or control PITX2 primers. (Fig. 7A , which is published as supporting information on the PNAS web site). BRG1 levels in Ad-FG-BRG1-transduced SW13 cells were comparable with the endogenous levels in HeLa 11 cells (Fig. 7 B and C) . Cells were harvested either without treatment or after exposure to IFN-␥, and qPCR showed that CIITA induction was rescued by BRG1 (Fig. 3B) . ChIP assays revealed that, as seen in HeLa cells, high levels of STAT1, USF1, IRF1, and Pol II recruitment and histone H3͞H4 acetylation and H3 methylation were observed at pIV 6 h in IFN-␥-treated SW13 cells reconstituted with BRG1 (Fig. 3C) . In contrast, Pol II recruitment, histone modification, and formation of the putative enhanceosome were blocked in BRG1-deficient Ad-FG-transduced cells (Fig. 3C ). Most importantly, STAT1 recruitment was also blocked in the absence of BRG1 (Fig. 3C) . Similar results were obtained 30 min after IFN-␥ induction (data not shown), indicating that even the initial phase of STAT1 binding before IRF1 recruitment was blocked. IFN-␥-induced recruitment of STAT1 to several BRG1-independent target promoters (ISFG3G, IRF1, and 6-16) was similar in BRG1 reconstituted and control cells (Fig. 8 , which is published as supporting information on the PNAS web site), indicating that the absence of BRG1, rather than impaired STAT1 function, blocks factor assembly at pIV.
GFP-BRG1
Apical Role for BRG1 at Multiple IFN-␥-Responsive Promoters.
We next determined whether BRG1 also acts before STAT1 at other BRG1-dependent IFN-␥-responsive targets. IFN-␥ induction of GBP1, 9-27, and IFI27 mRNA was BRG1-dependent (Fig. 3D) . Moreover, both STAT1 recruitment and histone acetylation at these targets required BRG1 (Fig. 3D and Fig. 9 , which is published as supporting information on the PNAS web site). Thus, BRG1 is critical for STAT1 binding and subsequent events at multiple IFN-␥-responsive genes.
Predominant Role for BRG1 at IFN-␣-Induced Promoters. BRG1 is also critical for induction of some IFN-␣-responsive genes (11, 12) . Thus, we asked whether BRG1 was required for recruitment of the trimeric STAT1͞STAT2͞IRF9 ISGF3 complex to the SWI͞SNF-dependent IFN-␣ target genes. As expected (11, 12) , BRG1 was necessary for IFN-␣ induction of 9-27, IFI27, and GBP1 (Fig. 4) but not 6-16 or ISGF3G mRNAs (Fig. 10 , which is published as supporting information on the PNAS web site). Recruitment of STAT1, STAT2, and IRF9 to 9-27, IFI27, and GBP1 promoters required BRG1 (Fig. 4) , whereas binding to 6-16 or ISGF3G was BRG1-independent (Fig. 10) . Thus, again, BRG1 absence does not impair STAT activity, per se, but blocks access to specific genes. Downstream events at IFN-␣-responsive promoters, such as H3͞H4 acetylation and H3 methylation, showed the same BRG1 dependency as ISGF3 binding (Fig. 11 , which is published as supporting information on the PNAS web site). IFIT1 and IFITM3 induction show partial requirement for SWI͞SNF (Fig. 12 A, which is published as supporting information on the PNAS web site), and here recruitment of ISGF3 was partially blocked in the absence of BRG1 (Fig. 12 A) , which resulted in partial acetylation of promoterassociated nucleosomes (Fig. 12B) . Thus, the degree to which BRG1 is required for gene induction correlates with the level to which ISGF3 depends on BRG1 for access to target promoters. SW13 cells were treated as in C, and mRNA levels were assessed by qPCR. STAT1 ChIP assays were performed, and enriched DNA fragments were quantified by using primers for the indicated promoters. In C and D, negligible binding was detected by ChIP at the 3Ј end of each gene or at the PITX2 promoter (data not shown). mRNA data in B and D are shown as arbitrary units. Fig. 4 . BRG1-dependent ISFG3 recruitment. SW13 cells were transduced with Ad-FG or Ad-FG-BRG and left untreated or exposed to IFN-␣ for 6 h. qPCR was used to assess the mRNA level of indicated genes (levels in arbitrary units). ChIP assays were used to assess the level of ISGF3 components at these promoters. Control PCRs using primers at downstream locations were negative (data not shown).
STAT1 absence did not affect constitutive BRG1 association at several promoters (Fig. 5) . IFN-␥ treatment did not significantly enhance BRG1 recruitment at these promoters (Fig. 5) . Thus, although recruitment of IFN-induced STAT complexes is BRG1-dependent, BRG1 recruitment is STAT-independent.
BRG1-Dependent Chromatin Remodeling at IFN Target Promoters.
Previously, we used DNase I and restriction enzyme (RE) digestion to show that BRG1 increases chromatin accessibility at CIITA pIV after IFN-␥ treatment (10) . To confirm and extend this analysis, we used qPCR coupled with DNase I and RE digestion to quantify accessibility at CIITA, IFI27, and͞or GBP1 promoters in the presence or absence of BRG1 and IFN-␥. GFP-or BRG1-expressing SW13 cells were left untreated or exposed to IFN-␥ and nuclei incubated with DNase I, or PstI, which cuts near the GAS element in the CIITA and IFI27 promoters. Levels of intact DNA were determined by qPCR. In GFP-transduced cells, promoter accessibility was identical plus or minus IFN-␥ (Fig. 6 A and B) . In contrast, BRG1 markedly increased accessibility, either to DNase I or REs in the presence of IFN-␥ (Fig. 6 A and B) . BRG1 did not affect baseline accessibility in the absence of IFN-␥ (Fig. 6 A and  B) . Similar results were observed upon IFN-␣ induction of IFI27 (data not shown). Enzyme accessibility at a control locus 32 kb upstream of CIITA was identical in untreated or IFN-␥-treated cells transduced with GFP or BRG1 (Fig. 5C ). These data suggest that BRG1 may not alter baseline chromatin accessibility, at least as assessed by DNase I or PstI digests, but is essential for IFN-induced chromatin remodeling. Discussion SWI͞SNF Acts Upstream of STATs. SWI͞SNF recruitment and͞or action is secondary to one or more activators in many gene induction cascades (15) (16) (17) (18) (19) (20) (21) (22) . Constitutive BRG1 binding has been reported at some IFN-␣-inducible targets (11, 12) , but it was not clear whether BRG1 was required for STAT recruitment at all these targets, or whether it acts up or downstream of STAT1 at IFN-␥ targets. It was also unknown whether BRG1 recruitment required STAT binding at either IFN-␣ or -␥ target genes. It is well known that STAT1 translates IFN-␥ signaling to the nucleus, and, because STATs interact with BRG1 (11, 45) , it seemed logical that recruitment of STAT1 at CIITA pIV might supercede either BRG1 recruitment and͞or the requirement for BRG1 activity. Thus, one possibility was that SWI͞SNF-dependent inducible IFN targets would behave like the homothallism endonuclease gene, where the Swi5 activator (analogous to STAT) binds independent of SWI͞ SNF (15, 16) . Instead, STAT1-recruitment to CIITA pIV and several other IFN-␥ responsive promoters (GBP1, 9-27, and IFI27) was BRG1-dependent. Moreover, recruitment of the ISGF3 trimer to IFN-␣-inducible genes (GBP1, 9-27, IFI27) was also BRG1-dependent. BRG1-dependent IFN-inducible promoters exhibited constitutive BRG1 binding, which was independent of the presence of functional STAT complexes. Thus, whereas recruitment of either IFN-␥-activated STAT1-dimers or IFN-␣-activated ISGF3 requires BRG1, BRG1 recruitment does not require either complex. Cytokine-induced genes are the first targets identified at which BRG1 action supercedes recruitment of the primary activator. These data underscore the importance of SWI͞SNF in the immune response.
The mechanism by which BRG1 enhances STAT recruitment is unclear. The idea that BRG1 acts indirectly seems unlikely given the direct constitutive association with IFN-responsive promoters. BRG1 was critical for IFN-␥-induced DNase I and RE accessibility at three promoters we tested (CIITA, GBP1, and IFI27) but did not increase baseline accessibility in the absence of IFN-␥. DNase I and RE accessibility assays may miss subtle BRG1-dependent variations in chromatin structure at quiescent promoters. Alternatively, BRG1 may facilitate STAT recruitment by acting as an interaction surface for STAT proteins. BRG1 ATPase activity is crucial for IFN-induced chromatin remodeling and gene induction (10), so, if this protein is a STAT interaction surface, the latter is not its only role. An intriguing possibility is that BRG1 may modify chromatin at more distant sites that influence STAT1 promoter binding. Indeed, we have evidence that there may be long-range effects at the CIITA locus (Z.N., Z.X., T.Y., and R.B., unpublished results). It will be important to determine the role of BRG1 in this context.
The Ordered Cascade at CIITA pIV. Induction of CIITA pIV is a biphasic event involving multiple factors and specific histone modifications. Before activation, low levels of c-MYC, HATs, BRG1, and Pol II, as well as various histone modifications, are present at pIV. Ten to 45 min after IFN-␥ exposure, STAT1 and USF1 bind cooperatively to the GAS and E-box elements, resulting in some increase in Pol II. Formation of a stable promoter complex and maximal Pol II binding require IRF1, which is expressed and recruited 1 h after IFN-␥ treatment. Promoter assembly peaks after 6 h and drops by 24 h. The creation and dissolution of this structure coincide with the rise and fall of HAT recruitment and histone modifications, as well as elevated levels of BRG1. Promoter as- Constitutive recruitment of BRG1 at IFN targets is STAT1-independent. 2fTGH or derivative STAT1-deficient U3A cells were left untreated or exposed to IFN-␥ for 6 h, and BRG1 ChIP assays were performed. Control PCRs used primers from exon 9 of IFI16 or the last exon of IFIT1.
Fig. 6.
IFN-␥-induced chromatin remodeling requires BRG1. SW13 cells transduced with Ad-FG or Ad-FG-BRG1 were left untreated or exposed to IFN-␥; then, nuclei were prepared and exposed to 2.5 Krunitz units͞100 l DNaseI for 3 min (A) or 50 units͞350 l of PstI for 15 min (B and C). DNA was purified and analyzed by qPCR by using primers that flank the GAS elements in the indicated promoters (A and B) or a control region 32 kb upstream of CIITA IV (C). The schematic diagrams show the position of GAS elements, PstI sites, and primers (arrows). Results are the percentages of the level of intact DNA in GFP-transduced cells that were not exposed to IFN-␥ and are the average of three independent experiments ϮSD. Asterisks indicate a significant increase in accessibility (P Ͻ 0.05).
sembly and disassembly also correlate with the presence and loss of active Pol II traversing the CIITA locus. In addition to STAT1 recruitment, all downstream events are BRG1-dependent. Similarly, at IFN-␣-inducible promoters, induction of histone acetylation and methylation were blocked in the absence of BRG1.
Apart from elucidating the position of BRG1 in IFN signaling, our work expands insight into pIV regulation in many ways. First, histone acetylation was detected on H3-K9 and K18, and on H4-K8, but not on H3-K14, on K23 or K27, or on H4-K5, K12, or K16. Second, CBP and p300, but not GCN5 or CBP-associated factor (PCAF), likely mediate site-specific acetylation, although we do not have functional proof that this is the case. Multiple distinct activation domains may combine to create an ideal interaction surface for CBP͞p300, akin to the IFN-␤ promoter (40) . Indeed, STAT1, IRF1, and c-MYC interact with CBP͞p300 (39) (40) (41) . Third, elevated di-and trimethylation of histone H3-K4 were also linked to pIV induction. Fourth, whereas histone modifications associated with gene activation or transcriptional competency can range over tens of kb and encompass several inactive and active genes (44, 46, 47) , the histone modifications we detected at pIV were confined, suggesting that localized acetylation and methylation may be characteristic of genes that are rapidly induced and silenced (reviewed in ref. 6 ). Methylation of H3-K4 has been linked to elongation in yeast (48) (49) (50) , but we did not observe this modification in intragenic CIITA regions at intron 1 or exon 20. This modification does not seem to be required for transcription through most of the Ϸ55-kb CIITA locus. Fifth, above-background levels of both acetylation and methylation were detected at the silent promoter. Yeast studies suggest that trimethylated H3-K4 is a marker for active loci, including both promoters and transcribed regions, and that dimethyl H3-K4 marks regions that are poised but not necessarily active (42, 50) , which is consistent with our observations at pIV.
Sixth, despite links between IFN-␥ and STAT2 activation (36) , and between IRF2 and CIITA induction (51), our ChIP analyses argue against a direct role for these proteins in promoter assembly at least in the cells we studied. Finally, previous in vitro gel shift analysis excluded a role for c-MYC in regulating CIITA (37) , but data here show that c-MYC associates with pIV in vivo. These data clarify the series of events that precede and mediate CIITA induction.
How Is BRG1 Recruited? Our data argue against the idea that STAT complexes play a role in constitutive BRG1 recruitment to IFN targets, placing the focus on various alternatives. SWI͞SNF is targeted to the IFN-␤ promoter by specific interaction with H4-AcK8 (52), a modification we observed at CIITA pIV. SWI͞SNF components have been detected in a multiprotein complex that contains both histone methyl transferases and HATs (53); thus, it is intriguing that CBP and p300, like BRG1, are present at low levels at the uninduced pIV. DNA-binding proteins may also help tether BRG1 and HATs to the silent pIV. SWI͞SNF and CBP͞p300 interact with c-MYC and Pol II, and, in untreated cells, each of these factors is present at pIV at detectable levels. Finally, Sp1 binds BRG1 and recruits SWI͞SNF to the IFN-␣-responsive IFITM3 locus (12) . These mechanisms are not mutually exclusive and may cooperate to tether BRG1 to IFN target genes independent of STAT proteins. 
